Organic semiconductors are emerging materials in the field of spintronics. Successful achievements include their use as a tunnel barrier in magnetoresistive tunnelling devices and as a medium for spin-polarized current in transport devices. In this paper, we give an overview of the basic concepts of spin transport in organic semiconductors and present the results obtained in the field, highlighting the open questions that have to be addressed in order to improve devices performance and reproducibility. The most challenging perspectives will be discussed and a possible evolution of organic spin devices featuring multi-functional operation is presented.
Introduction
The advancement of technology based on organic semiconductors (OSCs) over the past decade has been spectacular. Organic light-emitting diodes (OLEDs) have already become available to consumers, and organic photovoltaic (OPV) devices are about to enter the market with new applications. New fields such as electric memories for non-volatile data storage and organic field effect transistors (OFETs), with an established reproducibility in research laboratories, are on the verge of reaching component production. Generally, OSCs offer many fundamental advantages, including low cost, lightweight, large area coverage, relatively easy engineering of molecular properties and mechanical flexibility compatible with plastic substrates.
Challenging opportunities for OSCs have recently emerged in the field of spintronics, mainly owing to the weakness of the spin-relaxation mechanisms [1] . Spin-orbit coupling (SOC) is very small in most OSCs-carbon has a low atomic number (Z) and the strength of the spin-orbit interaction is proportional to Z 4 [2] . Furthermore, the hyperfine interaction is expected to be too weak, given the p-conjugated nature of transport molecular orbitals and the absence of the magnetic moment in the 12 C nuclei [3] . As a consequence, the spin polarization of the carriers is expected to be retained for very long times, allowing spins to be *Author for correspondence (i.bergenti@bo.ismn.cnr.it).
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This journal is © 2011 The Royal Society manipulated. Furthermore, the use of OSCs opens the way to a new generation of spintronic devices with multi-functional behaviour, enabling the sensing, even simultaneously, of magnetic, electrical, optical and chemical stimuli.
Spin injection in OSCs was initially demonstrated in a series of pioneering studies [4, 5] on the magnetoresistance (MR) of spin valve (SV) devices with OSCs layers approximately 100-200 nm thick. More recently, this effect was additionally confirmed by a direct observation of the spin polarization, at tens of nanometres from the injection interface, involving two powerful techniques: muon spin rotation [6] and two-photon photoemission (2PPE) spectroscopy [7] . Also the use of OSCs in tunnelling devices has shown considerable achievements, namely, room temperature operation [8, 9] and very high MR values (up to 600% [10] ) at low temperatures.
In spite of many fundamental achievements, OSCs-based spintronic devices show a wide scatter in device performance, indicating that a significant number of limiting factors of both technological and fundamental nature have yet to be identified and controlled. OSCs-based spintronic devices usually include organic charge/spin-conducting spacer and inorganic ferromagnetic (FM, spin-polarized) electrodes. The performance of such devices obviously depends on the properties of the materials used as the organic spacer and magnetic injecting electrodes, but it is also critically influenced by the interfacial properties. Understanding the complex electric and magnetic phenomena taking place at these hybrid interfaces is one of the keys for the definition and realization of the potential applications of OSCs spintronic devices. In this paper, we will present a brief introduction of the basic properties of OSCs materials followed by the major achievements obtained in organic spintronics. At the end of the paper, a short overview of the main outstanding issues as well as of the most challenging perspectives will be given.
General properties of p-conjugated organic semiconductors
While in inorganic semiconductors the covalent bonds, together with structure symmetry, promote significant carrier delocalization and the establishment of a well-defined band structure, OSCs combine a strong intramolecular covalent carbon-carbon bonding with a weak van der Waals interaction between molecules. This combination of different interactions generates materials with optical properties that are very similar to those of their constituent molecules, whereas their transport properties are governed by the intermolecular interactions.
Most of the properties of OSCs derive from the so-called conjugation: the alternation of single and double bonds in the molecule. p z -orbitals of sp 2 -hybridized C-atoms in the molecules cause the formation of pseudo-bands, namely p-bands, which consist of the delocalized electrons over the single molecule. The highest energy electron orbital (analogous to the valence band) is called the highest occupied molecular orbital (HOMO), and the lowest energy available unfilled orbital (analogous to the conduction band) is called the lowest unoccupied molecular orbital (LUMO).
p-conjugated OSCs can be grouped into two classes: oligomers and polymers. These two cases differ in their physical and chemical properties and also in the way they are processed. OSCs oligomers are small molecules with an average size close to 1 nm, which can be grown in either crystal or thin film form by high-or ultra-high-vacuum (UHV) molecular beam deposition. A few of the main representatives of these kinds of materials are the classes of oligothiophenes (4T, 6T and others), metal chelates (Alq3, Coq3 and others), metal-phtalocyanines (CuPc, ZnPc and others), acenes (tetracene, pentacene and others), rubrene and many more. Polymers, on the other hand, are long chains formed from a given monomer, and usually feature connection of oligo-segments of various lengths, leading to a random distribution of conjugation lengths. Polymer films are strongly disordered and totally different processing technologies have to be applied, including ink-jet printing, spin coating, drop casting and other very inexpensive methods. However, these growth techniques generally preclude the possibility of real interface control, as the electrode surface is not as clean as in UHV conditions.
The electrical properties of OSCs are usually described by two main processes: charge injection and charge transport. The charge injection process from a metal into an OSCs is conceptually different from the case of metals/inorganic semiconductors, mainly because of the vanishingly low density of intrinsic carriers-about 10 10 cm −3 in OSCs. The external electrodes provide the electrical carriers responsible for the transport as the OSCs molecules can easily accommodate an extra charge, although this charge modifies considerably the molecular spatial conformation and causes strong polaronic effects. The carriers propagate via a random site-to-site hopping between pseudo-localized states, while the external electric field defines the drift direction. Transport significantly depends on the degree of order of the molecules as well as on the density of chemical and/or structural defects. Puzzlingly, in OSCs, the impurities do not induce additional carriers as in inorganic semiconductors, but mainly generate trap states. Energetically distributed shallow (about/below 0.1 eV) and deep (about 0.5 eV, but even up to 1 eV) traps are known to characterize the electrical properties (especially the mobility) of many OSCs, their role being stronger in low-order materials such as Alq3 and polymers [11] . This dependence explains why, over recent decades, the experimental characterization of the transport properties in organic thin films or crystals was mainly affected by sample quality. As a result of the hopping transport, the mobility of charge carriers (electrons and holes) in OSCs is several orders of magnitude lower than in inorganic semiconductors. At room temperature, electron and hole mobility in amorphous OSCs are in the range of m ∼10 −6 to 10 
Spintronics with organic semiconductors
Aspects related to spin-dependent phenomena in inorganic materials, either semiconductors or metals, have been discussed over recent decades and mainly rely on the detection of a spin-polarized current in electronic devices. This approach corresponds to the most common exploitation of spintronic effects in devices, and it is widely accepted as the standard method for proving the ability to control spin polarization. The prototypical spintronic device is the SV, in which two ferromagnetic electrodes of different coercivity are decoupled by a spacer. The resistance of such a device can be switched between two different states corresponding to parallel and anti-parallel magnetization of the FM layers (figure 1). The MR is defined as the ratio between the resistance difference of the two states and the resistance at zero applied magnetic field. If a thin layer of insulator is chosen as the spacer, we deal with tunnelling magnetoresistance and the device is characterized by a zero residence time of charges/spins in the barrier. When the spacer is thicker, we deal with injection devices in which there is a net flow of spin-polarized carriers directly into the electronic levels of the OSCs. We will discuss this difference in the following two subsections, presenting first the case of injection of spin-polarized carriers into the electronic levels of OSCs and then the tunnelling case.
(a) Organic injection devices
Injection devices are characterized by a finite lifetime of the generated spin polarization inside the organic material. As mentioned above, the OSCs are characterized by long spin-relaxation times: these times range from 10 −6 to 10 −3 s [1, 12] and exceed by orders of magnitude the spin-relaxation times in most inorganic materials (10 −9 -10 −12 s). It is widely expected that OSCs-based spin-injection devices can offer appealing opportunities for spin manipulation, although it must be pointed out that the understanding of the physics which lies behind and beyond such manipulation is almost completely missing.
The first report on spintronic effects in organic spintronic devices was published in 2002. Lateral devices were lithographically fabricated and consisted of two FM planar electrodes placed at 100-500 nm from each other and connected afterwards by an OSCs thin film. The FM electrodes were made from manganite La 0.7 Sr 0.3 MnO 3 (LSMO), well known for its colossal magnetoresistive behaviour and half-metallic properties (nearly 100% spin polarization at 0K). Sexithiophene (6T), a rigid conjugated oligomer rod, was chosen for the spin-transport channel. A strong MR was recorded up to room temperature across 100 and 200 nm of 6T, while no MR was found for longer channels. The results were explained as being a consequence of the conservation of the spin polarization of the injected carriers. Using the time-of-flight approach, a spin-relaxation time of the order of 1 ms was deduced [4] . Nevertheless, this experiment could not be considered as the definitive demonstration of the spin injection owing to the fact that no comparison between parallel and anti-parallel magnetization of electrodes was available.
Soon after this experiment, a device with output characteristics similar to the known inorganic SVs was presented [5] . In this case, vertical devices were fabricated with LSMO as the bottom electrode, a Co thin film as the top one, and 100-200 nm of tris(8-hydroxyquinoline)aluminium(III) (Alq3) as the conducting spacer. Alq3 was well known for its applications in OLEDs, where it acts as an efficient emitter. Its use in SVs initially originated from the idea that spintronics effects could be detected optically. A strong MR was detected at low temperatures, which vanished at above 210-240 K. These results have been repeatedly confirmed by a number of research groups worldwide for these materials and similar geometry and thicknesses [13, 14] . An improvement in device operation was obtained by careful control of the ferromagnet/organic interface through the insertion of an insulating tunnel barrier between the Alq3 and the top Co electrode, allowing room-temperature operation [15] .
Most of the LSMO/Alq3/Co devices with and without tunnel barriers have shown negative MR, that is, the resistance decreased when the magnetization of the two electrodes was switched from parallel to anti-parallel. The origin of this inversion is still the subject of discussion. Spin-resonant effects related to the matching of the narrow LUMO level (less than 0.1 eV) conducting spin-up (spin-down) carriers in OSCs with peaks of the spin-down (spin-up) DOS in the collecting electrodes have been tentatively proposed previously [15] . Recently, Barraud et al. [10] advanced a model explaining the sign inversion by spinselective filtering at interfaces with strong binding between OSCs molecules and the electronic state in the electrode.
Electrical detection of spin injection and transport has been pursued in a number of other OSCs: a-NPD (N ,N -bis 1-naphthalenyl-N ,N -bis phenylbenzidiane) and CVB (4,4 -(bis(9-ethyl-3-carbazovinylene)-1,1 -biphenyl) [16] were demonstrated to behave in a very similar way to Alq3 with LSMO and Co magnetic elec-trodes. The same electrodes have been used to investigate spin injection in tetraphenylporphyrin; however, the detected MR in this case was attributed to the tunnelling effects [14] .
All the experiments described above were performed using UHV conditions for the OSCs growth. Spin-coated polymers, such as regio-random and regio-regular poly(3-hexylthiophene) (RRaP3HT and RRP3HT, respectively), have also shown noticeable MR [17, 18] . In these reports, the SV effect was positive and a small value was recorded even at room temperature.
In addition to these magnetoresistive approaches, two powerful techniques have been recently exploited to confirm, in a direct way, the spin injection and spin transport into an organic layer; namely, low-energy muon spin rotation (mSR) [6] and time-resolved 2PPE [7] . mSR measurements were carried out during device operation in a bilayered organic structure of Alq3 and NPD sandwiched between two FM contacts; a clear correlation between spin polarization loss in the organic material and the magnetoresistive signal was detected. The spin diffusion length was estimated to be close to 30 nm for Alq3. The second experiment used a spectroscopic technique based on the analysis of energy dispersion and spin polarization of photoemitted electrons obtained by an appropriate laser excitation. The experiment provided direct information about the efficiency of spin injection. Cinchetti et al. [7] presented results on phthalocyanine layers grown on cobalt thin films, demonstrating very high spin-injection efficiency with a spin diffusion length close to 100 nm.
In spite of these well-established results, some effects related to the permanence of spin-polarized carriers inside the OSCs, such as the Hanle effect, have not been yet detected. While this is one of the most intriguing outstanding issues, a clear understanding of whether the Hanle effect can be detected in a system with incoherent hopping transport of carriers is still debated. Alternative methods successfully applied in inorganic semiconductor spintronics for testing the spin transport, such as optical generation of spin-polarized carriers and studies on spin-relaxation and spin-coherence times, cannot be transferred to OSCs in a straightforward way owing to the weak SOC making the optical method unfeasible.
(b) Organic tunnelling devices
Similar to inorganic spintronics, devices involving spin-polarized tunnelling across an organic barrier show much higher MR, having already achieved values attractive for sensor applications. Initially, tunnelling was demonstrated in non-traditional complex geometries such as nanopores with a self-assembled monolayer of octanethiol barrier [19] or devices with Langmuir-Blodgett monolayer barriers [20] . Such devices generally have shown MR effects, but these effects were quite irreproducible, clearly indicating a strong influence by a number of parameters that are difficult to control. Surprisingly, the utilization of patterning technologies more akin to inorganic spintronics has immediately led to significant breakthroughs. Sub-millimetresized SVs obtained with standard shadow masking showed 6 per cent MR at room temperature involving hybrid organic/inorganic Alq3/Al 2 O 3 and rubrene/Al 2 O 3 barriers [8, 21] . In these studies, the spin polarization of carriers was accurately measured with the Meservey-Tedrow method [22] . Patterning by UV lithography allowed tunnel junctions to be produced with areas ranging from 5 × 5 to 50 × 150 mm 2 involving pinned CoFeB/MgO (exchange-biased) and free Co magnetic electrodes and Alq3 barriers [9] . Up to 16 per cent tunnelling MR at room temperature and a significant yield of reproducibly working devices have been achieved in this case. Following this series, the most original patterning has been recently proposed by Barraud and co-workers [10] . An Alq3-based spin-tunnelling device fabricated via a nanoindentation technique featured a cross section of only a few tens of square nanometres. The device performance of the resulting structures was impressive, showing a MR reaching 300 per cent at 2K-a new record for organic devices and one that compares well with the best inorganic tunnel junctions.
The experiments reported above clearly show the possibility of achieving spinpolarized tunnelling across organic or organic-inorganic hybrid barriers and of reaching significant MR values [23] , in principle, competitive with inorganic spintronic field. Moreover, recently, a 600 per cent MR was reported in a tunnelling device with a metal-phthalocyanine barrier (P. Seneor, R. Mattana & E. Beaurepaire 2010, private communication). In our opinion, the tunnelling results briefly described here indicate that OSCs may well be considered as interesting candidates for substituting highly performing inorganic tunnel barriers in some selected cases, such as flexible sheet applications.
Spin scattering in organic semiconductors
Spin-relaxation times in OSCs are extremely long-about 10 −6 to 10 −3 s [12] . This is because of the weakness of the two main spin-scattering processes that work in OSCs, namely the SOC and the hyperfine interaction. Their role in the magnetotransport in OSCs spintronic devices has been studied at the conceptual level, but a clear quantitative link to the properties of any given OSCs material has yet to be established. The hyperfine scattering was proposed to act via the precession of the spins of the injected (polarized) carriers that by hopping from molecule to molecule encounter a randomly oriented mean nuclear spin field owing to hydrogen bound to the carbon rings [24] . It is worth noting that the hyperfine field, even if it averages to zero, is inherently not negligible because of the localized nature of electron states in OSCs, which reduces the number of nuclear spins sampled by the carrier. The precession is actually a continuous effect, and the loss of spin polarization depends mainly on the average value of the hyperfine field and residential time of the carrier on a given molecule. The former can be defined from various resonance techniques and is of the order of millitesla [25] , whereas the latter parameter is known for very few materials [26] and is expected to cover the range of 10 −12 to 10 −9 s or even shorter times [27] . This means that on average the charge carrier (using the gyromagnetic ratio of the free electron, i.e. 28 GHzT −1 ) precesses for 10 −2 to 10 −5 of a full rotation while on the molecule, which causes little spin scattering.
The dynamics via which SOC can modify the spin state of an electron are different. For significant coupling strength the spin of the carrier is no longer a good quantum number and should be described by a linear combination of spin-up and spin-down eigenstates. SOC then defines the spin-flip probability for orbital momentum scattering events. In inorganic semiconductors, the main spin scattering mechanisms (Elliott-Yafet, Dyakonov-Perel, Bir-Aronov-Pikus) are related to SOC and a clear qualitative and quantitative understanding of these effects has been achieved.
Although a straightforward transfer of this knowledge to the OSCs case is difficult given their completely different behaviour as far as transport is concerned (band conductivity versus random incoherent hopping), the first tentative analyses of MR data on the basis of SOC scattering have been recently proposed [28, 29] .
The SOC in OSCs is considerably enhanced in metal-organic molecules providing, for example, zero-field splitting (ZFS) values of about 25 meV (200 cm −1 ) in Os(bpy)3 and other materials that contain heavy metals [30] . On the other hand, organic molecules without metals are characterized be very low ZFS of about 0.1 cm −1 . Nevertheless, it is still unclear whether SOC is causing any significant spin scattering even in the widely used metal-quinolines. To summarize, the scattering strength of both SOC and hyperfine field-scattering effects has yet to be identified for different organic materials, and the dominating mechanism in any material has yet to be established. This is a strong argument for a quantitative description of spin transport in OSCs.
In addition to this, interactions of spins with paramagnetic impurities or the disturbing effect of trapping charges could give important hints into the physics of spin propagation in OSCs.
Multi-functionality in organic semiconductor spin devices
One of the most interesting aspects of organic spintronics is its inherent multifunctionality. This term refers to the ability of a device or material to respond to two or more independent stimuli by giving an output or by acquiring a given state. For example, OSCs are known to respond to electrical stimuli in the sense defined above, which gives rise to resistive memory effects [31] . In spintronic devices, the electrodes respond to the application of a magnetic field by orienting their magnetizations. Both effects can be put to use in an organic spintronic device [32] .
The coexistence of two independent phenomena (namely electrical and magnetic hysteresis) in the same device or material is very intriguing, but it could simply emerge from the juxtaposition of two utterly disconnected systems. At this point, one might ask whether and how 'cross talk' between the two can exist, and this is precisely what we observed in our devices [33] . In our vertical SVs, namely LSMO/Alq3/AlO x /Co, the MR is controlled by the resistive state of the device, as shown in figure 2: we can turn off (inset (a)) and on (inset (b)) the SV effect by putting the device in the high-and low-resistance state, respectively. This does not happen in a trivial way. For example, the effect cannot be explained by a simple change in the background resistance. The effect is bipolar: the SV effect can be destroyed by the application of sufficiently large negative voltage, and it can be restored by the application of a sufficiently large positive voltage. The MR is measured at the standard bias voltage of −100 mV [15] , i.e. by injecting electrons from the LSMO (Co electrode is grounded). Interestingly, we can also smoothly vary the MR amount by stopping somewhere in the negative differential resistance region (no. 5 in figure 2 ) and putting the device into an intermediate resistive state. Now the SV effect is only reduced (inset (c)). The same applies for the positive branch of the I -V curve, where we can also smoothly turn on the giant magnetoresistance (GMR) effect. Indeed, we found that the pre-application of increasingly higher biases correspond to an increasing recovery of the initial GMR effect. A number of physical mechanisms have been proposed to explain the electrical switching in organic-based devices [31] . Based on a previous model by Rozenberg et al. [34] , we developed a phenomenological model that includes the MR effect. This model relies on an occupation-dependent conductance of different domains inside the device. Carriers have to go through such domains to cross the device. In SVs, such domains can be represented by charge-trapping domains, localized near the LSMO-Alq3 interface (owing to the threshold asymmetries). Such traps can be responsible for the reduction in the hopping sites available for transport (in this way, they are changing the conductance of such domains), leading to a reduction in the charge mobility which would be reflected by an increment of resistance and a loss of spin-polarized current, which is exactly what we are observing in our multi-functional devices.
Multi-functionality can be fundamental for the development of future integrated memory-logic devices. In particular, the electrical control of the MR is considered to be of fundamental importance. In the International Technology Roadmap for Semiconductors (2009), the importance of the spin-metal oxide semiconductor field effect transistor was pointed out; this is a three-terminal device in which the gate can be used to turn on and off the SV effect between the drain and the source electrodes. In our devices, we achieve the same goal with a two-terminal device. For this reason, they are of great interest in the development of future electronics. 
Interfaces in organic spintronic devices
A common feature of all spintronic devices (both tunnelling and injection) involving OSCs is the hybrid organic-inorganic (HOI) interface sustaining a spin-transfer effect. Similar to inorganic spintronic devices, the interface quality is crucial, and this quality demands considerable efforts and indeed considerable investments. As an additional remark, in vertical devices, the FM top contact is deposited on the soft organic layer and it is still unclear to what extent this results in well-defined contact interfaces [35, 36] . The latter is of great importance for reproducible device performance ( figure 3) . But, on the other hand, hybrid interfaces seem to possess intriguing and rich properties of still not fully acknowledged importance for the whole field of spintronics. Initially, the investigation of these interfaces pursued a kind of passive approach concentrating mainly on the quantification of the electronic barriers (interface energetics) while interfacing OSCs with new materials never used previously in OLED or OPV applications (manganite [37] ; Co [38] ). Further and more advanced investigations, involving the magnetic properties of HOI interfaces together with a few recent MR results and theoretical models have unexpectedly revealed conceptually new properties at such interfaces, mainly related to a considerable spin-selection ability-an ability strongly amplified by its tuning possibility. Thus, a strongly spin-polarized state was found to be induced inside the HOMO-LUMO gap at the Fe/Alq3 interface supposed to promote a nearly 100 per cent filtering and leaving open only the channel of minority iron spins [39] . Spin-polarized scanning tunnelling microscopy characterizations have shown that only one phthalocyanine molecule, H 2 Pc, placed on the Fe surface is able to invert the metal spin polarization [40] . Along with this, the detected inversion of the MR between the LSMO/Alq3/Co tunnel (positive SV-MR) and injection (negative SV-MR) devices promoted the development of a more general model accounting for the spin-selective injection at the HOI interface on the basis of spin-dependent broadening of the conducting electronic levels of the first monolayer of OSCs in contact with a magnetic electrode [10, 41] . This rapidly developing field of organic spintronics gained significant attention and was recently named 'spinterface' [12] . It is the authors' opinion that these unusual (interface) properties place, for the first time, organic spintronics in a position that is truly competitive with that of inorganic spintronics [10, 41] .
Outstanding issues and future perspectives
We have presented above some important achievements in the young field of organic spintronics, concentrating mainly on the electrical operation of various devices. Along with these achievements, the field continues to face important unsolved issues of both theoretical and experimental aspects. Let us discuss the most pressing problems and propose a tentative analysis and possible solutions.
There is no explicit model for the (electrical) spin injection in OSCs. The conductivity mismatch considerations [42] seem not to be easily applicable to the hybrid interfaces that OSCs form with inorganic injectors. The main reason for this is the very low density of intrinsic carriers in organic materials: in OSCs, the spin carriers are provided by the extra charges injected from the electrodes, with the organic material acting as a capacitor-resistance system rather than as a simple resistor. For this reason, it is also difficult to detect the effects of spin accumulation [43] , which are known in inorganic materials. Spin accumulation in OSCs must be accompanied by charge accumulation, the latter offering strong repulsion forces. To conclude on injection issues, there seems to be no special restriction on spin injection into OSCs, yet there is also no clear evidence that the injection proceeds without the loss of spin polarization.
Some mechanisms were proposed recently to account for the spin scattering inside OSCs: the hyperfine interaction [44] and SOC [28] have been convincingly brought into the centre of discussions as the main candidates. Nonetheless, considerable additional experimental and theoretical efforts are required to provide a clear quantitative definition of the parameters describing the strength of these two mechanisms in various OSCs. Surprisingly, the role of phonons for spin transport in OSCs remains absolutely unclear despite the strong role of polarons in these materials.
In organic spintronics, one of the most soundly established results is that GMR peaks at low biases (e.g. 1 mV) and decreases as the magnitude of the voltage is increased; the GMR vanishes at about 1V. A naive model based on drift diffusion fails to explain this fact, because an increase in drift should cause an increase in the MR, not a decrease. Less pressing, but still significant, is the fact that to account for the observed GMR, at 1 mV in a 100 nm thick organic layer with a mobility of 10 −5 cm 2 Vs −1 , one would need a spin lifetime of 10 ms. Yet, no comprehensive model has been proposed that accounts for these facts.
One of the hallmarks of spin transport in inorganic semiconductors is the presence of the Hanle effect-which is due to the spin precession about an applied magnetic field [45] -which in most experiments is applied perpendicular to the spin. In an SV configuration, for high-mobility materials such as Si, the precession causes the MR to oscillate as a function of the applied magnetic field. The number of oscillations within a given time increases linearly with the applied magnetic field. As the number of oscillations increases, they also decrease in intensity because the spins progressively lose their phase coherence. With a sufficiently large number of oscillations, the spins are completely de-phased, that is, the spin polarization is completely lost. The number of oscillations can be made greater by increasing the time the spins spend in the semiconductor (slow drift or slow diffusion). In this regime, even a small perpendicular magnetic field can completely depolarize the spins; if q is the angle between the spin and the applied magnetic field, then MR (q) = MR(0) × cos 2 q [46] . Owing to their low mobility, OSCs are thought to work in this regime. So far, the experiments carried out by several groups could not detect any of the effects described above in organic devices. The reason for this is still unclear. On the one hand, there might be technological issues and better devices needed to observe the effect. We think that the most effective approach to this problem would be the investigation of the Hanle effect in planar devices, which would avoid any problem arising from short circuits or poor definition of the transport length.
On the other hand, it must be remembered that transport in OSCs is fundamentally different from that of inorganic semiconductors; in addition to this, spin-scattering mechanisms act in a different way. In this sense, it is possible that the Hanle effect cannot be observed for fundamental reasons.
In spite of the enormous body of knowledge existing on the optical properties of OSCs, parallel investigations on the MR and well-tuned photoexcitation of carriers in the conduction levels or trapped on the defects has not yet been pursued. In principle, the answers that can be provided by such studies can give a detailed description of the (spin-polarized) carrier energy, nature, density, etc., i.e. are able to provide perhaps a full quantitative and qualitative description of the system.
In order to link spintronics to the important organic applications such as OLEDs and OFETs, it is necessary to overcome some important limitations. Historically, the spin injection in OSCs was initially investigated for its possible use in the field of OLEDs [47] , the latter being so far the most successful application of OSCs. Light emission from OLEDs results from a radiative decay of a Frenkel exciton, a molecular excited state formed by an electron and a hole injected from the cathode and anode, respectively [48] . Each exciton follows the Fermi statistics and then four spin states are possible: three 'triplet' states of total spin 1 and one 'singlet' state of total spin zero. In general, the radiative decay that leads to fluorescence is allowed only for singlet excitons (owing to vanishingly low SOC): this naturally limits the OLED efficiency, as not more than 25 per cent of the injected carriers are involved in the light emission. The control of the spin polarization of the injected carriers would thus result in a serious improvement in the singlet-based OLED efficiency and, on the other hand, could provide a fascinating mechanism for switching from singlet to triplet device operation [49] . It is worth mentioning that efficient triplet emission can be activated by using OSCs-containing heavy metal ions [50] .
Many attempts have been made to manipulate the light output from OLEDs using spin-polarized currents by substituting conventional electrodes with FM ones, but no clear effects have so far been reported. This failure has a simple explanation: the available data for spintronic effects in organic materials confirm so far spin injection and transport only for voltages not exceeding approximately 1 V, while light emission by OLEDs is usually detected at voltages greater than 1 V. Expanding this working interval to a few volts thus represents a challenging goal. This limitation holds also for the application of spin-polarized currents to OFET devices, whose operating voltages also generally exceed the few volts level.
As a final remark, we would like to point out the immense potential of OSCs for the spintronics field. An almost infinite list of materials, easily modifiable interfaces and cheap technologies for the growth of films on rigid and flexible substrates make us look optimistically towards the next steps of this young field.
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